Introduction Obesity in young people is one of the most serious public health problems worldwide. Moreover, the mechanisms preventing obese adolescents from losing and maintaining weight loss have been elusive. Laparoscopic sleeve gastrectomy (LSG) is successful at achieving long-term weight loss in patients across all age groups, including children and adolescents. Anecdotal clinical observation as well as evidence in rodents suggests that LSG induces a shift in preference of sugary foods. However, it is not known whether this shift is due to a change in the threshold for gustatory detection of sucrose, or whether LSG induces behavioral change without affecting the gustatory threshold for sugar. Aims The objective of this study was to determine whether adolescents who undergo LSG experience a change in their threshold for detecting sweet taste. Methods We studied the sucrose detection threshold of 14 obese adolescents (age 15.3 ± 0.5 years, range 12-18) who underwent LSG 2 weeks before surgery and at 12 and 52 weeks after surgery. Matched non-surgical subjects were tested on two occasions 12 weeks apart to control for potential learning of the test that may have confounded the results. Seven sucrose concentrations were used and were tested in eight blocks with each block consisting of a random seven sucrose and seven water stimuli. The subjects were asked to report whether the sample contained water or not after they tasted 15 ml of the fluid for 10 s. Results The bodyweight of the LSG group decreased from 136.7 ± 5.4 to 109.6 ± 5.1 and 86.5 ± 4.0 kg after 12 and 52 weeks, respectively (p < 0.001). There was no significant difference after surgery in taste detection threshold of patients after LSG (p = 0.60), and no difference was observed comparing the taste detection threshold of the LSG group with the non-surgical controls (p = 0.38). Conclusion LSG did not affect the taste detection threshold for sucrose, suggesting that the shift in preference for sugary foods may be due to factors other than fundamental changes in taste sensitivity.
Introduction
Severe childhood obesity is one of the most serious public health problems, estimated to affect at least 5% of children worldwide [1, 2] . Obesity at this age is challenging to treat even if treatment is started early, as pediatric non-surgical weight management programs often can only halt weight gain at best [3] . Moreover, the mechanisms preventing an obese pediatric patient from losing and maintaining weight loss have been elusive.
Bariatric surgery was proven to safely induce significant and sustained weight loss coupled with resolution of coAayed R. Alqhatani and Carel W. le Roux contributed equally to this work * Aayed R. Alqhatani qahtani@yahoo.com Carel W. le Roux carel.leroux@ucd.ie morbidities in children and adolescents and without affecting growth [4] [5] [6] [7] [8] . Evidence from the largest series in the world of laparoscopic sleeve gastrectomy (LSG) in patients aged 5 to 21 years has shown sustained success 5 years after surgery [5] .
Several studies in adult populations demonstrated that LSG is as effective as Roux-en-Y gastric bypass (RYGB) [9, 10] . Additionally, studies on RYGB in humans and rodents found that this procedure leads to changes in food preference and fundamental alterations in taste sensitivity [11] [12] [13] [14] . Patients after RYGB often report idiosyncratic changes in taste perception that involve sweet taste, something that may drive selective reduction in food with a high sugar content [15] [16] [17] [18] [19] [20] . The gustatory system is a prime candidate to explain this observation. It remains unclear, whether such changes in intake are conditioned or unconditioned, and even if attributable to changes in the intensity of the sensory signals generated by food or by their altered evaluation in the so-called reward circuits of the brain, or both [21] [22] [23] [24] . Seeley et al. compared food choice between LSG-and RYGBoperated rats, and no differences in food choices were seen between these two anatomically different bariatric procedures [25] .
Taste detection thresholds inform us of the functional status of oral sensory receptors and the sensitivity of downstream gustatory circuits [26, 27] . Taste detection thresholds are only one basic aspect of taste function and have been shown to vary as a function of genetics, pharmacological treatment, and neural manipulations [28] . Circumventing the influence of postingestive factors in both animals and humans is important during assessment of taste function. Postingestive effects can be positive (e.g., fullness) or negative (nausea, visceral pain). Hence, two important methodological features to consider include (a) only small volumes of taste solutions must be used and (b) immediate responses to the taste stimulus should be measured. Using direct measures of behavior to study the effects of RYGB on the sensory domain of sweet taste in obese patients using a method of constant stimuli determined detection thresholds to sucrose, we found that sweet taste acuity improves after RYGB (i.e., sweet detection thresholds are reduced) [23] , but data existed for the effect of LSG on the sensory domain of sweet taste in humans.
The objective of this study was to determine whether humans after LSG have changes in sucrose detection thresholds. We examined sweet taste detection in adolescent patients undergoing LSG and un-operated overweight/obese controls that were matched for age and gender.
Methods
This prospective study of obese adolescent patients who fulfilled the criteria for undergoing LSG as described previously [29] included a randomly selected group of patients aged (12-18) years of age. Overweight and obese controls were also recruited from the community. Patients who were unable to understand the test instructions, those with diabetes mellitus, pregnant and breastfeeding patients, and those with a history of substance abuse, psychiatric illness, or allergy to the stimulus ingredient were excluded. Written, informed consent was obtained from all subjects, and the study was approved by the Ethics Committee at King Saud University (reference E 12-767).
The sample size was calculated to detect an effect size of LSG of 0.85 standard deviations (SD) from the mean VAS rating. With 15 patients in each group, this was predicted to permit greater than 90% power to detecting significant differences at the p < 0.05 level, using two-tailed tests. The effects of LSG on the study's outcomes have never been examined before. Therefore, the effect size used in the power calculation was informed by our previous experiments on patients after RYGB using the same behavioral testing methods [30] .
Assessment of sucrose detection thresholds in the 15 obese adolescent subjects was performed 2 weeks before surgery, and at 12 and 52 weeks postoperatively. Ten non-surgical subjects were tested on two occasions 12 weeks apart to ensure no learning that may alter outcomes occurred in-between the tests. LSG was performed using a standardized technique that has remained the same since the start of patient enrollment [31] . Dietetic advice given to the patients was similar to what they received in the non-surgical weight management program and included advice on healthy eating, avoiding calorie dense foods and increasing physical activity. Patients were also followed by a physical therapist and a psychologist with experience in managing severely obese children and adolescents. Patients were reviewed every 3 months for 9 months by a clinical dietitian within the multi-disciplinary clinic.
The tests were all performed in the morning after an overnight fast of at least 10 h. Room temperature was kept constant at 21°C for all test sessions. All solutions were prepared daily using the same bottled natural mineral water brand (Bambini distilled still natural baby water, Delta Marketing Co. Ltd., Jeddah, KSA) and presented at room temperature. The protocol developed by Bueter et al. [30] , in which seven colorless sucrose concentrations (2.1, 6.25, 12.5, 25, 50, 100, and 300 mM; Sigma Aldrich, Dorset, UK) are used, was employed in this study. Concentrations were tested in eight blocks with each block consisting of seven sucrose and seven water stimuli. Sucrose and water stimuli were presented in random order without replacement. Thus, each of the seven sucrose concentrations was presented once within a block. Fifteen milliliters of water or sucrose stimuli was offered in polystyrene cups and subjects were given a period of 10 s to sample the stimulus in the mouth. Subjects then expectorated the sample and were given another 5 s to indicate whether the stimulus was water or not. Each stimulus was followed by a thorough 10-s water rinse with 30 ml of water, which was expectorated before the next stimulus was offered. To maintain focus of the participants, the task was gamified by rewarding for correct responses with the presentation of a token and penalized by loss of a token for incorrect responses [32] .
The sucrose detection study used the method of constant stimuli in which taste stimuli are presented randomly and performance is assessed allowing for the derivation of a psychometric function. A Bhit^was defined as when the subject correctly reported that the stimulus was different from water when sucrose was presented. A Bfalse alarm^(FA) was defined when the subject incorrectly reported that the stimulus was different from water when water was presented. The hit rate for a given sucrose concentration was adjusted for the false alarm rate to derive a Bcorrected hit rate^using the following equation: corrected hit rate = P hit ð Þ−P FA ð Þ 1:0−P FA ð Þ where P(hit) = the proportion of sucrose trials of a given concentration that were hits, and P(FA) = the proportion of water trials that were false alarms. Thus, when the uncorrected hit rate is equal to the false alarm rate, the corrected hit rate = 0. The corrected hit rate values were subjected to two-way analyses of variance (ANOVAs). Because there was very little or no variance around the sample means for the highest three concentrations for the groups both preoperatively and postoperatively, only the scores for the lower 4 concentrations, representing the dynamic range of performance, were used in the ANOVAs. In addition, concentration-response curves were fit to the corrected hit rate values for each subject preoperatively and postoperatively to derive a family of individual psychometric functions using the following logistic equation:
] where log10(x) = log10 concentration, a = the upper asymptote of performance, b = slope, and c = the log10 concentration at 1/2a performance (i.e., EC50). We defined the c parameter as the threshold because it represents the inflection point of the psychometric function and thus optimally represents lateral shifts in sensitivity. Only c values of the individual curve fits for the subjects who had fits that accounted for at least 85% of the variance was compared.
The shifts in the c parameters were analyzed in a one-way ANOVA. All subjects had curve fits that accounted for at least 85% of the variance and all were included in the analyses of corrected hit rate described above. All other variables were compared with paired/unpaired t tests or their non-parametric equivalents depending on the normality distribution of the data, with p ≤ 0.05 used to define statistical significance.
Results
The 14 adolescent patients had a preoperative mean age and body mass index (BMI) of 14.4 ± 0.6 (range 12-18) years and 50.8 ± 1.9 kg/m 2 . After LSG, a statistically significant reduction to 41.2 ± 2.1 and 32.2 ± 1.5 kg/m 2 was observed at 12 and 52 weeks (p < 0.001). %EWL at the two postoperative visits included in this study were 57.7 ± 2.8% (p < 0.001) and %total weight loss was 19.9 ± 1.2 and 35.8 ± 1.3%, respectively (p < 0.001). The non-surgical control group had a baseline BMI of 32.0 ± 1.6 kg/m 2 and there was no significant change Patients were tested 12 and 52 weeks after laparoscopic sleeve gastrectomy (LSG), while un-operated obese control participants were tested 12 weeks apart. Results are expressed as mean ± SEM depending on normality distribution. Data from all subjects are represented as they all met the criterion of 85% of variance accounted for in the curve fits in BMI during the study period (p = 0.30). There were no postoperative readmissions or nutritional or surgical complications in either group (Table 1) .
Corrected Hit Rate Analysis for Sucrose Taste Detection
The mean corrected hit rates (proportion of sucrose trials adjusted for false alarm rate) for non-surgical subjects and patients pre-and postoperatively ( Figs. 1 and 2 ) are displayed in Table 1 . The one-way ANOVA values for comparison of the corrected hit rates pre-and postoperatively between visits pre, 12 and 52 weeks post-LSG are also shown in (Fig. 1 ) along with the two visits for the non-surgical group which occurred 12 weeks apart (Fig. 2) . Preoperatively, there were no differences between controls and patients with no significant main effect of groups, neither an interaction between group and concentration, for the corrected hit rates (p = 0.8). There was also no difference in corrected hit rate in the non-surgical group in-between their two visits (p = 0.3), nor for the LSG group between the three visits (p = 0.2). The c value, representing the EC50 (the concentration where subjects achieved the mean corrected hit rate) also did not change significantly after LSG either at 12 or 52 weeks (Fig. 1) . A two-way repeated measures ANOVA was used in the LSG group to study the effect of time (pre-op vs post-op) and the effect on concentrations of sucrose. There was a significant differences between Concentrations 
Discussion
In this study, we showed that LSG did not have an effect on the detection threshold for sucrose in adolescent patients. This is in contrast to the findings in adults after RYGB where we found an increase in sensitivity for sucrose detection [30] . Our results suggest that LSG might not fundamentally shift the sensory domain of taste, but food preference changes may instead be related to other factors such as conditioned avoidance.
We utilized the method of constant stimuli in which sucrose solution was presented randomly and performance was assessed across a set of concentrations allowing for derivation of a psychometric function [30] . Moreover, adolescent subjects obtained feedback by receiving tokensfor correct responses and losing tokens for incorrect responses which kept subjects vigilant and motivated in this gamified setting, which ensures engagement of the participants in the activity. The advantage of this technique, constant stimuli, that it can also be used to measure taste sensitivity in animal models [23] . Despite the reduction in body weight, and maintained weight loss observed after the LSG, we did not observe any changes in taste sensitivity.
Using the same methodology, our data on sucrose detection threshold after LSG in adolescents are different to our data after RYGB in adults [30] . The change in taste detection thresholds for sucrose after RYGB remain controversial [33] , but most of the available evidence are consistent with our previous findings [30] . Scruggs et al.reported a trend forsucrose detection and recognition thresholds to decrease after RYGB [19] . The concentration at which the subjects could correctly identify the characteristic taste quality of the stimulus was considered the recognition threshold. This technique, however, only stimulates a limited number of taste buds. Burge et al. used a staircase method of stimulus presentation and found that sucrose recognition thresholds also decreased after RYGB [34] . Taken together, these data suggest that RYGB has, if any, a small effect on the sensory domain of taste. Our results also suggest that adolescents after LSG may have reasons other than potential changes in the sensory nature or unconditioned hedonic value of sweets, as to why they would avoid sugary or fatty foods and fluids, e.g., learning from postingestive consequences and or nutritional counseling [15, 16, [35] [36] [37] [38] [39] . Fig. 1 Mean corrected hit rate for sleeve gastrectomy patients preoperatively and postoperatively as a function of sucrose concentration. Curves were fitted to the mean data points using Eq. (2) in text. The EC50 was derived from the c parameter in the curve fit and represents the concentration at which the corrected hit rate reaches 50% of the maximum asymptote. No significant changes was shown between the surgical and non-surgical groups Fig. 2 Mean ± SEM corrected hit rate for controls visit 1 and 2, as a function of sucrose concentration. Curves were fit to the mean data points using Eq. (2) in text. The EC50 was derived from the c parameter in the curve fit and represents the concentration at which the corrected hit rate reaches 50% of the maximum asymptote. No significant changes were shown between the study groups Our study was limited as we did not have an adult or RYGB control group and therefore, we cannot directly compare the results of LSG in adolescents and our previous published study in adults after RYGB. We only studied 14 subjects after LSG, and the absence of a trend suggests that even if we were underpowered to detect a statistically significant effect that such a small effect would probably be of little clinical significance. The nonoperated obese group did not have any interventions and we did not study them at 1 year. Their only function was to ensure that the test used in our study provided the same results in subjects that were weight stable even if they were tested on two different occasions. This was important to establish as the non-surgical subjects may have learnt how to do the test and this in itself may have altered the results.
In conclusion, we found that laparoscopic sleeve gastrectomy did not decrease the taste detection to sucrose at either 12 or 52 weeks after surgery. Collectively, these results and previous modest changes observed from RYGB studies highlight that changes in taste-driven motivated behavior to sucrose after both LSG and RYGB may depend less on changes in the sensory domain of taste and possibly relate more to other factors such as learning. Therefore, studies examining conditioned taste avoidance as a potential mechanism underlying the changes in food preferences after LSG are awaited.
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